Platelet activation has been a focus of numerous studies in normal and abnormal states. Morphological changes and calcium signals found with activated platelets in vitro have been well characterized. However, the rate of cell spreading on substrates and the frequency of calcium oscillation within individual platelets upon activation have not yet been reported. In this study, we first examined the ability of a recombinant fusion protein of rhodostomin (GST-rhodostomin), a snake disintegrin containing an Arg-Gly-Asp (RGD) motif, to activate platelets when GST-rhodostomin served as a substrate. Four aspects of platelet activities induced by immobilized GST-rhodostomin and fibrinogen were analyzed in parallel. Examinations of (1) translocation of P-selectin from intracellular compartments to the plasma membrane, (2) platelet adhesion to and spreading on substrates, (3) platelet contact pattern on substrates, and (4) the degree of phosphorylation of focal adhesion kinase in platelets indicated that GST-rhodostomin was a better substrate for platelet activation than fibrinogen. Analysis of the rate of platelet spreading on GST-rhodostomin was examined by time-lapsed video microscopy. The spreading rate averaged 0.43 m/minute, while cell spreading averaged 0.22 m/minute when platelets were plated on fibrinogen and treated with thrombin. A newly developed method, using timelapsed microscopy and the Metamorph program, was used to analyze calcium signals within platelets. We found that platelets on GST-rhodostomin evoked calcium oscillation at a frequency of 4.77 spike/cell/ minute vs 2.76 spike/cell/minute on fibrinogen. The results of cell spreading and calcium oscillation were consistent with the results of microscopic and biochemical assays. We therefore conclude that the determination of the rate of platelet spreading and the frequency of calcium oscillation within platelets performed in this study provides more quantitative parameters for measuring platelet activities. Our results also suggest that GST-rhodostomin might potentially be used as a probe to dissect the molecular mechanisms underlying the kinetic processes of platelet activation.
INTRODUCTION
Human platelets play key roles in mediating physiological hemostasis and pathological thrombosis [1, 2] . Normally, these tiny (in average 2 m in diameter), anucleate disc-shaped cells move freely in the blood stream. At sites where vascular injury occurs, the platelets may bind to the exposed subendothelial matrix; then through complex intracellular signaling pathways, the bound cells are activated and typically exhibit a series of secretion and transformation activities that leads to platelet plug formation [1, 3] . Morphological transformation of platelets related to this coagulation event has been studied by an in vitro system for decades [4 -8] . The kinetic processes and signaling mechanisms involved in platelet adhesion and spreading are well characterized, i.e., activation of protein kinase, elevation of calcium concentration, and reorganization of the cytoskeleton [4, 9 -13] . However, no detailed measurements of the platelet spreading rate and of the frequency of calcium oscillation within platelets have been reported.
It is generally believed that fibrinogen, a blood coagulant protein (factor I), and its receptor, the integrin ␣ IIb ␤ 3 (GPIIb/IIIa), play an essential role in platelet aggregation in solution and in cell adhesion and spreading on substrates [14, 15] . Fibrinogen cannot bind to the integrin ␣ IIb ␤ 3 of resting platelets until platelets are activated by agonists, such as thrombin and ADP [16, 17] . It is thought that these agonists can induce an "inside-out" signal of the platelet that renders conformation and/or affinity changes in the integrins [18 -21] . These "activated" integrins are then capable of binding to the tripeptide Arg-Gly-Asp (RGD) motif of fibrinogen in a bivalent cation-dependent manner [22, 23] and elicit the "outside-in" signals to exert various activities within platelets [9 -13] .
Recently, a newly classified disintegrin family derived from snake venoms [24, 25] has been employed in studying the mechanism of anticoagulation. Unlike fibrinogen, disintegrins can directly bind to nonactivated platelets, which provide an alternative view in studying signal transduction in platelets. However, due to the small molecular weight of disintegrins and their low efficiency of coating on plates, they have never been used as substrates for studying platelet adhesion. Rhodostomin is a member of the disintegrin family which is also known as kistrin [26] . It consists of 68 amino acids, including 12 cysteine residues, and can inhibit platelet aggregation by interfering in the binding between integrin ␣ IIb ␤ 3 and fibrinogen [27] [28] [29] . Previously we have used the recombinant rhodostomin (glutathione S-transferase fused with rhodostomin, GST-rhodostomin) to demonstrate inhibition of thrombin-induced platelet aggregation in solution as well as induction of platelet adhesion and spreading as an adhesive substrate [30, 31] . In this study we further demonstrate that GST-rhodostomin is an ideal substrate for activating platelets, which allow us to measure and differentiate the rate of platelet spreading and the frequency of calcium oscillation within platelets by time-lapse video microscopy.
MATERIALS AND METHODS

Preparation of GST-rhodostomin.
The synthesis of GST-rhodostomin fusion proteins (containing either RGD or RGE sequence motifs) using Escherichia coli strain RR1 was as described [30] . Briefly, bacteria containing expression plasmids were grown in 5 or 100 ml of LB medium supplemented with 50 g/ml ampicillin while vigorously shaken at 37°C until A 500nm reached 0.3-0.5. Production of GSTrhodostomin was induced by addition of 0.5 mM IPTG to the medium for 1-3 h. The resulting fusion proteins were further purified by glutathione affinity chromatography and analyzed by 15% SDS-PAGE as described [32, 33] .
Preparation of human platelets. Washed platelets were obtained from healthy donors under no medication and prepared as described [30, 31] . Briefly, fresh human blood drawn from the forearm vein was immediately mixed with 1/6 vol of acid-citrate-dextrose (ACD) anticoagulant and then centrifuged at 200g for 15 min. The supernatant containing the platelet-rich plasma (PRP) portion was collected and mixed with 5 mM EDTA and then centrifuged at 1000g for 12 min at room temperature. The resulting platelet pellets were resuspended in calcium-free Tyrode's buffer containing 0.35% BSA, 50 unit/ml heparin, and 1 unit/ml apyrase (Sigma, St. Louis, MO) and incubated at 37°C for 20 min. The cell suspensions were spun down again and then resuspended in Tyrode's buffer containing 1 mM calcium. The concentration of platelet suspension was adjusted to around 3.5 ϫ 10 8 cell/ml before use. Note that since mechanical force associated with the preparation procedures alone might activate the platelet, cares were taken in this study to minimize the "nonspecific platelet activation" to Ͻ5% of the final platelet population.
Immunofluorescence staining of P-selectin. The suspended platelets were treated with GST-rhodostomin (4.0 ϫ 10 Ϫ8 M), fibrinogen (20 g/ml), or thrombin (0.01 NIH unit/ml) for 30 min before being spun down and fixed with 4% formaldehyde in phosphate buffer. These fixed platelets were incubated with anti-P-selectin antibody (CD62P; Seratec, Oxford, England) for 1 h, followed by FITC-conjugated secondary antibodies, and observed under both DIC and fluorescence microscopy. Since no permeabilization step was taken during the staining procedures, the fluorescence signals obtained represent only the expression of P-selectin on the plasma membrane. Similar protocols were performed on platelets plated onto either GST-rhodostomin-or fibrinogen-coated substrates for 15 min.
Adhesion assay and scanning electron microscopy. Methods for the cell attachment assay were described previously [30, 31] . Freshly prepared nonactivated blood platelets were incubated for 15 min with coverslips coated with various amounts of GST-rhodostomin fusion proteins or fibrinogen and then washed three times with PBS. These cells were then fixed with glutaraldehyde and subjected to a series of alcohol dehydration, critical point drying procedures, and gold coating [34] and observed under a Joel scanning electron microscope at 15 kV (Model JSM-5300). At least five different areas were randomly selected for photography at each magnification; representative data are shown.
Interference reflection microscopy. Degrees of apposition between the cell and substrate were analyzed using interference reflection microscopy (IRM) as previously described [35, 36] . IRM was typically performed on living cells; however, some IRM observations were made on fixed cells to access intracellular F-actin distribution. In these experiments, platelets plated on rhodostomin-or fibrinogencoated coverslips were fixed with 4% formaldehyde for 30 min at room temperature, extracted with 0.5% Triton X-100 in the fixative, and stained with rhodamine-phalloidin. Simultaneous epifluorescence and interference reflection microscopy was performed using a laser scanning confocal microscope (Leica TCS-NT, Heidelburg, Germany).
Analysis of FAK phosphorylation in platelets. Platelets adhered to GST-rhodostomin or fibrinogen plates were collected and dissolved with RIPA buffer containing 10 mM Tris-HCl, pH 7.2, 1 mM EDTA, 1 mM PMSF, 10 mM sodium orthovenadate, 10 mM NaF, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS. The cell extracts were then immunoprecipitated with protein A-Sepharose beads conjugated with anti-FAK antibodies (Transduction Laboratory, Lexington, KT). The beads and associated immunocomplex proteins were then subjected to SDS-PAGE analysis. The resulting protein profile was transferred to a nitrocellulose membrane and probed with anti-phosphotyrosine antibodies following standard Western blotting procedures [37] . The same nitrocellulose membrane, after washing with mercaptoethanol to remove previous blotting complexes, was used again for anti-FAK immunoblotting [38, 39] . A combination of horseradish peroxidase and the ECL system was used for detection following methods recommended by the manufacturer (Amersham, Buckinghamshire, England).
Time-lapse video microscopy and image processing. Acid-washed coverslips were coated with GST-rhodostomin or fibrinogen (20 g/ ml) as described and used to assemble the custom-made perfusion chambers [40] . About 200 ml of cell suspension was added to the chamber and incubated for 15 min before microscopic observation. Time-lapse recording of living platelets was performed using a Nikon Diaphot 300 inverted microscope and the Metamorph program (Universal Imaging Corp., West Chester, PA). The processed images were recorded on an optical memory laser disk (Sony Model LVR-5000) and redigitized for data analysis and image processing prior to dyesublimation printer output (Kodak XLS 8600PS).
Calcium imaging. To perform calcium imaging techniques, freshly prepared human platelets were incubated with 10 mM membrane-permeable Calcium Green I-AM ester (Molecular Probes, Eugene, OR) in the calcium-free buffer containing apyrase for 30 min, as previously described [41] . After dye loading, cells were resuspended in Tyrode's buffer containing 1 mM calcium. The changes of intracellular calcium concentration were observed under a fluores-cence microscope and recorded with a signal intensified tube (SIT) camera (Hammamatsu C-2400). Image sequences were recorded at video rates for at least 30 s in each experiment. No significant fluorescence photobleaching (Ͻ5% decay) was noted during the recording period. Analysis of calcium signal kinetics was done using the Metamorph program. About 150 cells (per image) in each experiment were first chosen and marked. The image sequence (30 frames/s for 30 s) was then resampled and digitized at five-frame/s intervals, typically resulting in 150 pictures per sequence. The changes of fluorescence intensity, indicative of changes in intracellular calcium concentration, were measured; the rate of change per unit of time (the slope) was then derived and plotted as a function of time. After applying a rolling average of three to the data to eliminate nonspecific fluctuation of calcium signals that is not obvious to online observation under the fluorescence microscope, we could then count the calcium spikes and calculate the frequency of calcium oscillation as spikes/cell/minute.
RESULTS
Platelets Were Activated by Substrate-Bound but Not
Soluble GST-Rhodostomin GST-rhodostomin in solution, although an effective inhibitor of platelet aggregation, could not induce obvious shape changes in platelets, whereas immobilized GST-rhodostomin could effectively cause platelet attachment and spreading [30, 31] . To address the activation status of platelets in these different rhodostomin treatments, we examined the degree of P-selectin translocation from intracellular compartments to the cell membrane [42] . The amounts of Pselectin expressed on the cell surface were accessed by immunofluorescence staining on cells that were fixed but not permeabilized. When suspended platelets were treated with either soluble fibrinogen (Fig. 1B) or GST-rhodostomin (Fig. 1D) , neither of the platelets showed significant P-selectin staining. Note that addition of thrombin, which is known to activate platelets, caused profound redistribution of P-selectin to the cell surface (Fig. 1F ). Since thrombin treatments also caused platelet aggregation, fewer single cells were found on the thrombin-treated plates (Fig. 1E ) than on fibrinogen-or rhodostomin-treated samples (Figs. 1A and 1C, respectively).
We also examined the degree of P-selectin translocation on cells interacting with immobilized fibrinogen (Fig. 2A) or GST-rhodostomin (Fig. 2B) . Platelets plated on fibrinogen substrates exhibited limited exposure of P-selectin on the surface (Fig. 2A) ; in contrast, the cells bound to the GST-rhodostomin substrate demonstrated not only fully spread conformations (see below), but also high levels of P-selectin on the plasma membranes (Fig. 2B) . These results suggest strongly that immobilized, but not soluble, GST-rhodostomin could activate human platelets.
GST-Rhodostomin Substrates Induced Platelet Adhesion and Transformation in a Dose-Dependent Manner
We then employed scanning electron microscopy (SEM) to further characterize platelet adhesion and transformation on different substrates. In one set of experiments, freshly prepared human platelets plated on substrates coated with different concentrations of GST-rhodostomin were processed for SEM examination. Representative fields of cells interacting with increasing concentrations of GST-rhodostomin substrates were shown (Fig. 3) . Note that cells plated on 1.6 and 8.0 ϫ 10 Ϫ9 M GST-rhodostomin (Figs. 3A and 3B, respectively) were mostly round shaped, with some protruding filopodia, while the majority of platelets plated on higher concentrations of recombinant protein (4.0 ϫ 10 Ϫ8 and 2.0 ϫ 10 Ϫ7 M, see Figs. 3C and 3D, respectively) exhibited fully spread (pancake) conformations.
To quantify the correlation between substrate coating and degree of cell spreading, we randomly selected 100 cells from 5 SEM fields under each experimental condition and then calculated the number of fully spread (Ͼ5 m) cells relative to the total adherent cells. As shown in Table 1 , the percentage of fully spread cells increased from 2.3% on the 1.6 ϫ 10 Ϫ9 M plate to over 90% when 2.0 ϫ 10 Ϫ7 M GST-rhodostomin was used. At concentration of 4.0 ϫ 10 Ϫ8 M, about 78% of the adherent cells were fully spread; this treatment was typically used for substrate coating in the following experiments. As expected, only a few, if any, platelets were disc shaped on BSA-coated substrates (Fig.  4C) . Fibrinogen substrate could not directly induce platelet transformation in most nonactivated platelets (Fig. 4B) , in contrast to the robust effects of rhodostomin (Fig. 4A) .
Degrees of Adherence Correlated with Morphogenetic Effects
Using the cell attachment assay, we found that the binding efficiency of platelets to GST-rhodostomin substrates was higher than that to fibrinogen-treated surfaces. To further evaluate cell-substrate interactions, we used IRM to examine the extent of cellsubstrate association. In a typical IRM image, dark areas indicate closer apposition between two optical media of different refractive indexes (in this case, the coverglass substrate and the ventral plasma membrane of the cell), whereas light areas indicate relatively wide distances [35, 36] . We monitored living cells under IRM (data not shown), and the results were not different from the data taken from fixed cells (Figs. 5B  and 5D ). To correlate the IRM pattern with intracellular F-actin distributions, we stained the same cells with rhodamine-phalloidin and took IRM and fluorescence images simultaneously under a confocal microscope. A typical example of these experiments is shown in Fig. 5 . Most cells on fibrinogen plates were round, with only a few filopodia that stained strongly with rhodamine-phalloidin (arrowhead, Fig. 5A ). These cells were not tightly adherent to the substrate and their filopodia showed speckled gray regions, also indicating loose attachment to the plate (arrowhead, Fig.  5B ). Cells plated on GST-rhodostomin plates, on the other hand, were mostly flat, with extended lamellae containing rich networks of actin filaments (Fig. 5C ).
FIG. 1.
Soluble GST-rhodostomin could not induce translocation of P-selectin. Human platelets in suspension were treated with soluble fibrinogen (A, B), GST-rhodostomin (C, D), or thrombin (E, F) for 30 min before harvest. These cells were fixed but not permeabilized and then processed with standard immunofluorescence staining procedures to reveal the presence of P-selectin on the plasma membrane. The same fields were observed under DIC (A, C, E) and fluorescence microscopy (B, D, F). Note that significant translocation of P-selectin occurred when cells were treated with thrombin. Much fewer single cells were found in the thrombin plate than the fibrinogen or GST-rhodostomin plates because thrombin treatments caused profound cell aggregation. Scale bar, 5 m.
The associations between the cells and the rhodostomin substrate were so close that most of the cellcovered areas appeared dark under IRM optics (Fig.  5D) .
FAK Was Highly Phosphorylated during Platelet Transformation
We also looked at another feature of cell spreading, the level of phosphorylation of FAK proteins, which is also used as a hallmark for platelet activation [39, 43] . A combination of immunoprecipitation and Western blot analysis was performed, and a typical result is shown in Fig. 6 . Using anti-phosphorylated tyrosine antibody as a probe (Fig. 6A) , we found that FAK proteins from thrombin-treated platelets were highly phosphorylated (lane 1), whereas FAK proteins from nonactivated platelets were not (lane 2). In cells interacting with GST-rhodostomin, a band representing phosphorylated FAK was noted (lane 3). In contrast, little or no phosphorylated FAK was revealed in platelets plated on fibrinogen (lane 4). The level of FAK phosphorylation, however, was at least three times
FIG. 2.
Substrate effects on P-selectin translocation from the internal store to the cell membrane. Platelet cells were plated on (A) fibrinogen-or (B) GST-rhodostomin-coated substrates for 15 min before being processed with immunofluorescence staining to visualize P-selectin distribution. Most cells plated on GST-rhodostomin plates exhibited fully spread conformations and high concentrations of P-selectin on the membrane compared to those on the fibrinogen plates. Scale bar, 5 m.
higher in thrombin-activated cells (lane 1) than in platelets bound to GST-rhodostomin (lane 3), given the relatively equal amount of FAK protein loaded in each lane (Fig. 6B) .
Kinetic Events of Platelet Transformation
To compare the substrate effects of GST-rhodostomin and fibrinogen, we carefully examined the kinet- ics of cell transformation using time-lapse video microscopy. As shown in Fig. 7 , most of the cells that adhered to the GST-rhodostomin substrate transformed into a pancake shape (Fig. 7A) , while cells on the fibrinogen substrate were poorly attached and mostly round (Fig. 7E) . Under a higher magnification, a freely moving cell was noted to become tightly adherent to the GST-rhodostomin-treated surface (Fig. 7B) and, within 5 min become fully spread (Fig. 7C) . A few filopodia were noted to protrude during this period, together with the steady expansion of the peripheral lamella region (dashed box, Fig. 7C ) at an average rate of 0.43 m/minute. (arrowheads, Fig. 7D ). Note that after the cell had adopted a fully spread conformation, very little dynamic activity of lamella was observed. In contrast, the cells interacting with fibrinogen surface remained loosely bound (Figs. 7F and 7G) ; neither outgrowth of filopodia nor significant advance of cell margin was observed (arrowheads, Fig. 7H ). The cells on fibrinogen-coated substrates, however, could become fully spread by addition of 0.02 NIH unit/ml thrombin in the medium (Fig. 7I) . Almost immediately after addition of the drug, the cells became adherent and then gradually flattened and spread (Figs. 7J and 7K) . The processes of platelet spreading (Fig. 7L) were similar to those observed on GST-rhodostomin substrates; however, rates of filopodia outgrowth and lamella expansion were much slower. The average growth rate of lamella during the 420-s observation period was only 0.22 m/minute (arrowheads, Fig. 7L ), about half of the lamella expansion rate measured on GST-rhodostomin plates (Fig. 7D) .
Active Calcium Oscillation during Platelet Transformation
Since calcium signaling has long been implicated in regulation of actin rearrangement and structural changes in the cell [44 -46] , we have carefully monitored changes in intracellular calcium concentration ([Ca 2ϩ ] i ) during platelet transformation. In our calcium imaging experiments, the nonratioed calcium indicator Calcium Green I was used to achieve the best temporal resolution at 30 frames/s. Cells loaded with calcium dye were typically plated on substrates and recorded under a fluorescence microscope that was optimized to reduce photobleaching. Figure 8A shows a typical field of flattened platelets on the GST-rhodostomin plates. population, we sampled at least 120 cells, each observed for a 30-s period under each experimental condition ( Table 2 ). The frequency of calcium oscillation was about 2.22 spike/cell/minute within platelets on BSA-coated plates and 2.76 spike/cell/minute on fibrinogen plates. On GST-rhodostomin substrates, the frequency of calcium oscillation increased to 4.77 spike/cell/minute, about 70% higher than the control rate on fibrinogen plates and more than two times higher than on BSA substrates. Since activated platelets could fully spread on fibrinogen substrates, we asked if these cells also had higher rates of calcium oscillation. In these experiments, we used ADP instead of thrombin to activate and induce platelet transformation because thrombin treatment was noted to raise intracellular calcium to a longlasting plateau level that covered the oscillation activity (data not shown; see also [41] ). We found that ADP-activated platelets on fibrinogen-coated substrates exhibited 9.09 spike/cell/minute calcium oscillation activity, about four times higher than the frequency of nonactivated platelets on fibrinogen plates.
DISCUSSION
In this study, we have established a novel approach to quantitating the rate of platelet spreading and the averaged frequency of calcium oscillation within platelets where the sample size is greater than 100 platelets (Figs. 7 and 8 and Table 2 ). The measured parameters are highly correlated with the state of platelet activities (Figs. 2-6 ). We propose that this approach should be used as a new indicator for future research in platelet activities. Additionally, this study has demonstrated that recombinant GST-rhodostomin is an ideal substrate for studying platelet adhesion.
Generally, native rhodostomin is a potent agent used to study anti-coagulation in solution [28, 29] ; however, to our knowledge, it has never been used as a substrate for platelet adhesion. In solution, GST-rhodostomin has previously been demonstrated to inhibit ADP-and thrombin-induced platelet aggregation [30] and is unable to activate and transform platelets as shown in this study (Fig. 1) . On a solid surface, immobilized GST-rhodostomin not only induces translocation of Pselectin from internal stores to the platelet surface (Fig. 2) but also induces sequential platelet spreading events (Fig. 7) . These two different characteristics of GST-rhodostomin interacting with platelets merit an approach using the recombinant protein as a novel probe for platelet studies.
Using a combination of SEM, IRM, and high-resolution time-lapse video microscopy, this study has also provided a detailed description as well as dynamic measurements of the structural changes associated platelet transformation (Figs. 3, 5, and 7) . On GSTrhodostomin-coated plates, we found a steady and rapid outgrowth of filopodia and lamella, accompanied by close apposition between the cell and substrate. In contrast, the relatively quiescent cells on the fibrinogen plates displayed loose attachments to the substrates (Fig. 5) . Compared with other cell outgrowth rates (ranging from 0.1 to 1.10 m/minute; [47] ), the lamellar advancing rate of platelets plated on GSTrhodostomin (0.43 m/minute) is considered moderate. Note that this rate is almost twice as fast as that observed in thrombin-activated platelets on fibrinogen substrate (0.22 m/minute). Without measuring the rate of platelet spreading, it would be impossible to discern two different platelet activities induced by GST-rhodostomin and thrombin. Generally speaking, the growth of cellular processes reflects the polymerization rate of intracellular actin, which is regulated by various signals and via various pathways [48, 49] . This observation indicates that although some effects of GST-rhodostomin substrate may be mimicked by the combination of thrombin/ADP activation and fibrino- gen surfaces, their underlying mechanisms and signaling pathways are probably not identical.
With regard to the investigation of calcium signaling during platelet transformation, we present a novel approach to quantitating oscillations within a single as well as within a population of platelets (Fig .  8 and Table 2 ; cf. [50, 51] ). Previously, the change in calcium ion concentration ([Ca 2ϩ ] i ) in activated platelets was measured by either a population of cells or an individual cell [52, 53] . Our current results are consistent with the previous finding that the [Ca 2ϩ ] i response to stimulation greatly differed among individual cells [53] ; i.e., some are inert and some are highly fluctuated (Fig. 8) . Although the reason for various [Ca 2ϩ ] i changes in a population of cells under the same condition is unknown, we proposed that the unit of spike/cell/minute formulated in this study reflects more accurate calcium oscillations in a population of cells. Using this new formulation, we found very active calcium oscillation activity that fluctuated as fast as 1 Hz during platelet transformation on a GST-rhodostomin substrate or on fibrinogen plates after ADP treatment. Without using this new method for measuring calcium oscillations, it would be impossible to distinguish the level of platelet activity when platelets adhere on fibrinogen-coated plates in the presence or the absence of ADP (9.09 spike/cell/minute vs 2.76 spike/ cell/minute) ( Table 2 ). The molecular mechanisms of this calcium activity remain largely unknown; however, our preliminary results suggested the involvement of ER and other internal calcium stores since thapsigargin treatment effectively inhibited calcium oscillations.
Platelet activation can occur via stimulation of various agonists, such as thrombin and ADP. Extracellu- lar matrices with an RGD-containing motif, such as fibronectin, vitronectin, and osteopontin, induce platelet adhesion and spreading via binding to the integrin ␣ IIb ␤ 3 receptor [2, 18] . All stimuli finally target the phosphorylation of FAK and the reorganization of actin, to result in platelet transformation [54, 55] . The results in Fig. 6 show that the degree of FAK phosphorylation within platelets activated by GST-rhodostomin was only about one third the level after thrombin activation, suggesting again that the signal transduction pathways for GST-rhodostomin and thrombin may not be totally identical and other associated molecules may be involved. Various rates of lamellar advancing and degrees of platelet transformation observed on different substrates mirror the polymerization of intracellular actin which could be mediated by different small G-proteins, such as Cdc42, Rac, and Rho, as reported in fibroblast cells [49, 56] . In some aspects, the substrate effects of GST-rhodostomin were more like those of fibronectin than fibrinogen. Platelets could bind to either fibronectin-or fibrinogen-coated surfaces and resulted in formation of specific structures at cell attachment sites called protected zones of adhesion (PZA), which are capable of excluding plasma proteins [57, 58] . The fibronectin substrate alone could cause over 70% of the cells to form PZA, whereas only 26% of cells formed PZA on the fibrinogen plates. Similar to our finding, addition of thrombin/ADP to fibrinogen plates enhanced the extent of PZA formation to over 80% [57] . Although both GST-rhodostomin and fibronectin can bind to integrin ␣ IIb ␤ 3 , fibronectin is much larger than rhodostomin and has functional motifs other than RGD for binding to other species of integrins, i.e., ␣ 5 ␤ 1 [19] . It is possible that the structure surrounding the RGD binding motif are also important in modulating the functions of rhodostomin. To address this question, an obvious approach is to employ site-directed mutagenesis techniques to dissect the rhodostomin molecule [59 -61] . The structural biology information will be meaningful only when integrated with the functions of the molecule. The current research has provided important functional assays to actively access platelet activation and transformation events. It is hoped that by using recombinant rhodostomin as a probe, we can learn additional molecular details about human platelet activities that are central to the functions of hemostasis and thrombosis.
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